Since the discovery of the superconductivity in iron pnictide [1] [2] [3] , the phase diagram has been a focus of intense research and debate due to the competition between the antiferromagnetic spin-density-wave (AFM-SDW) and the superconducting (SC) states. On the one hand, there is recent experimental evidence that magnetically ordered phases and SC states are microscopically separated [4] [5] [6] [7] , while on the other hand, there is evidence that these phases coexist (e.g.) [8] [9] [10] [11] in the K or Co-doped BaFe 2 As 2 (122-FeAs) system. So far, most studies on K or Co-doped materials are in favor of the coexistence of magnetic order and superconductivity [8] [9] [10] [11] , and have consistently ruled out phase separation [12] [13] [14] . Conversely, Park et al. [4] have recently proposed an electronic phase separation of the AFM and SC states, and their model has been supported by others using muon spin relaxation [5] , 75 As NMR [6] and neutrondiffraction measurements [7] .
As the magnetism and SC evolve with the doping level, the coexistence or separation of these phases is likely to be correlated to local dopant atom distributions. However, the lack of direct experimental atomic scale evidence makes this question difficult to answer. Atom probe tomography (APT) [15, 16] provides three-dimensional chemical mapping with near-atomic resolution and is ideally suited to investigate dopants distribution. Here, we apply APT to resolve the origins of the electronic disorder in 122-FeAsbased superconductors by posing the hypothesis that nonuniform dopant atom distributions induce changes to the T c , and investigating whether the AFM and SC phases do, in fact, coexist.
ðBa 0:72 K 0:28 ÞFe 2 As 2 crystals were obtained by the selfflux method [17] . A superconducting transition temperature T c occurred at 32 K for the doped Ba 0:75 K 0:25 Fe 2 As 2 [18] , in agreement with Ref. [19] . The specific heat was measured from 1.9 to 305 K at zero field and 12 T, using a long relaxation technique [20] . Needle-shaped atom probe specimens with tip radius of <100 nm were prepared by focused ion beam (FIB) on dual beam instruments (FEI Quanta 200 and xT Nova NanoLab 200) as described in Ref. [21] . After annular FIB milling, specimens were cleaned using low energy ion milling to minimize Ga implantation. Pulsed-laser APT analyses were performed on a LEAP 3000X Si (Cameca Corp.), with a flight length of 90 mm, at a base pressure of 3 Â 10 À11 torr, a temperature of 20 K, a laser pulse energy of 0.2 nJ (wavelength ¼ 532 nm), focused to a spot of diameter <10 m, and at a repetition rate of 200 kHz. Figure 1 (a) presents an APT reconstruction of K-doped BaFe 2 As 2 superconductor, generated from a data set of >10 6 atoms with the Fe, As, Ba, and K atoms displayed. Single atoms are represented by dots, and the dot color indicates the chemical identity as determined by AP timeof-flight mass spectroscopy. The measured Ba:K:Fe:As ratio within the reconstruction was 1:92:0:68:3:7:3:7, close to the expected 1:5:0:5:4:4. It is noteworthy that the 1:1 ratio of Fe and As and 3:1 for Ba and K are preserved. Enlarged section of Ba and K lattice planes along the (001) pole, oriented perpendicular to the growth direction is presented in Fig. 1(b) . Structural information can be obtained by means of spatial distribution maps (SDM) [22] , effectively a 1D radial distribution function, along the reconstructed (001) direction. A spatial distribution histogram of Ba and K atoms relative to Fe atoms in the c axis is plotted in Fig. 1(c) . Three obvious peaks corresponding to interspacing values of 1.15, 2.2, and 3.8 nm can be detected within a 4 nm distance, with Fe planes serving as the reference planes. This value agrees closely with the expected value of lattice plane spacing in this direction between Fe and its nearest Ba=K neighbors. The overlap
week ending 17 JUNE 2011 0031-9007=11=106 (24)=247002 (4) 247002-1 Ó 2011 American Physical Society between their peak in the SDM analysis also confirms that B and K reside in the same plane, at c=2. The nanoscale distribution of K and Ba was investigated using a frequency distribution analysis, whereby the K and Ba compositions were determined in blocks of 100 atoms within the data, as shown in Fig. 2 . Each frequency distribution was compared directly to the corresponding binomial distribution expected if the solutes were distributed randomly. The histogram peaks indicate that Ba and K have the average concentration of 0.12 and 0.05 wt %, respectively, which are close to their nominal concentrations. The K frequency distribution was found to have considerable deviation from the binomial distribution with 2 test value ( 2 ¼ 629:24 for 15 degrees of freedom) implying a significantly nonuniform distribution. The Ba frequency distribution was closer to the expected binominal distribution, with a 2 test value ( 2 ¼ 69:53 for 23 degrees of freedom) indicating a more homogeneous distribution. Nearest neighbor (NN) analyses [23] are histograms examining the distribution of distances separating a solute atom from its nearest solute atom neighbor. There is a clear shift to the left of the experimental K NN distribution, presented in the inset of Fig. 2 , relative to that expected if the K atoms were randomly distributed. This indicates that there are significantly more than expected K atoms separated by small interatomic distances. These results strongly support the suggestion that K atoms in the 122 pnictide superconductor are not randomly distributed-rather, these atoms are clustered in a way that produces local nanoscale regions of both low and high K concentration.
The localized K content fluctuation in BaFe 2 As 2 matrix will lead to inhomogeneous superconducting transitions and T c fluctuations, which can be evaluated by a T c distribution. As proposed by Wang et al. [24] , the overall T c distribution across a sample can be estimated from the specific heat measurements by means of a deconvolution method: concentration in the superconducting phases. Recent heat capacity measurements also suggest the presence of nanoscale inhomogeneity in the Co-doped BaFe 2 As 2 system [25] .
To understand how the K distributions impact the superconducting and magnetic properties, we performed extensive density-functional theory (DFT) calculations using the local-density approximation (LDA) [26] for the exchange-correlation functional, via the DMOL3 code [27] . A double numerical quality localized basis set, with a real-space cutoff of 11 bohr and Monkhorst-Pack grids of 8 Â 8 Â 4 with 75 k points in the irreducible part of the Brillouin zone for the 20-atom cell were employed. Polarization functions and scalar-relativistic corrections were incorporated explicitly. For the doped systems, we deliberately enforce no symmetry constraints. The lowtemperature orthorhombic F mmm structure containing 0, 1, 2, and 3 K atoms substituting at the Ba atom sites, respectively, was employed to simulate the different solute regions. Full relaxation, including the atomic positions and lattice constants, was performed in all calculations.
The optimized structural data as well as the Fe-atomic magnetic moment are summarized in Table I . The magnetic structures of undoped and underdoped systems are presented in Fig. 4 . In agreement with other experiments [10] , our first-principles calculations reveal that replacing Ba 2þ with K þ results in a continuous increase in c, and a decrease in a and b. For the pure BaFe 2 As 2 , the magnetic structure is ferromagnetic along b and antiferromagnetic along a and c [30] , with the calculated moment being 0:47 B , compared with the experimental values of 0:99 B [29] and 0:87 B [28] . Most of this underestimation is due to LDA. For instance, using experimental lattice constants, LDA predicts the Fe moment to be 0:68 B , while the generalized gradient approximation yields 1:98 B . For the underdoped systems, importantly, we found that there is finite magnetism in all dopant concentrations under LDA. The magnetic properties are extremely sensitive to the local symmetry and the atomic environment around dopants. For the trio and distorted single-B configurations (energetically degenerate to single A), atomic moment suppression occurs for only a fraction of the Fe atoms. While the underlying mechanisms of the competition or coexistence model are not well understood at the atomic level, 57 Fe-Mössbauer measurements indicate microscopic coexistence of the SDW and superconducting states [12] . Considering the fact that LDA-DFT generally underestimates magnetism, our results suggest that the complete suppression of magnetism is unlikely to occur in mesoscopic regions; rather, the AFM-SDW and SC are likely to coexist in an intimate nanoscale partitioning. This scenario is strongly supported by recent NMR investigations, showing that these two states coexist microscopically in underdoped compositions, over lattice parameter length scales [9, 31] . The coexistence of superconductivity and incommensurate magnetic order has been proposed theoretically [32] and demonstrated in Co-doped BaFe 2 As 2 [33] . Most superconductor studies make the assumption that the introduced carriers or dopants are distributed uniformly, leading to an expectation that these materials are electronically homogeneous. However, the present research challenges this assumption-via unequivocal evidence of clustering of K dopant atoms. Substitution of K atoms to the Ba sites has two major influences in the 122 system: suppression of the local Fe magnetism, and providing hole carriers to promote superconductivity. The inhomogeneity in K atom distribution manifests as spatial variations in both the local density of states spectra, and the superconducting energy gap, which separates the electron systems into hole-rich and hole-poor regions. This resembles the nanoscale superconducting gap variations observed in [13, 34] where Massee et al. [13] correlated nanometer-sized regions with different gap magnitudes to that expected for the Co-Co interatomic separation. According to the K-doping phase diagram [2] , the AFM-SDW state is absent in the high K-solute regions (overdoped), creating an exclusively SC state, whereas the coexistence of AFM and SC states occurs in the low K (underdoped) regions. Regions with no K only have a AFM state. Our experimental observations demonstrate the presence of atom clusters, which promote the coexistence of the AFM and SC states in what is effectively a K-concentration dependent nanoscale partitioning of the two phases. These observations are in agreement with Refs. [9, 10, 14, 35] that all suggest that an inhomogeneous K concentration underpins disorder in the K-doped 122 compound. This situation resembles the much-discussed high T c cuprate superconductor, where the oxygen distributions are strongly correlated to nanoscale electronic disorder and electronic phase segregation [36] [37] [38] . Similar phenomena are likely to be common in all the pnictides systems, where clustering of dopants may play a critical role on the local electronic disorder.
In summary, a combination of APT, T c variations measurements and DFT simulations has been used to investigate the underlying cause of nanoscale electronic state variations and the coexistence of the AFM and SC states in K-doped superconductors. APT results indicate direct experimental evidence that the K atoms are not uniformly distributed in ðBa 1Àx K x ÞFe 2 As 2 pnictide and this was correlated to a broad T c variation. DFT calculations indicate that the AFM and SC states may coexist on a lattice parameter length scale. The competition between the AFM and SC states is highly sensitive to variations in the nanoscale microstructure. Variations of K atom distribution enable the coexistence of AFM and SC phases leading to highly localized electronic inhomogeneities.
